ABSTRACT: Compounds bearing tetrazole rings are valuable facets in numerous branches of chemistry including metabolic imaging and the production of drugs and highenergy materials. Synthesis of tetrazoles with the help of organocatalysts has intensively been explored, while enzyme-directed click chemistry has attracted less attention and was only used in inhibitor design so far. Herein, we have investigated the possibility of a biomimetic catalyst based on a Lewis acid approach by exploring the anionic cycloaddition of azide and acetonitrile catalyzed by ZnBr 2 in comparison with different biomimetic Zn(II) models. Density functional based calculations in the gas phase and with implicit solvation indicate that a variety of bioinspired zinc complexes should be able to catalyze tetrazole formation with catalytic enhancements comparable to zinc bromide salts. Such bioinspired routes could provide new possibilities for the stereo-and regioselectively controlled synthesis of tetrazoles.
INTRODUCTION
Many types of heterocyclic compounds play an important role in biology, organic and coordination chemistry, pharmacology, and materials science. 1 Among them, compounds rich in nitrogen, in particular, tetrazole derivatives, are essential building blocks for asymmetric reactions, 2 for the synthesis of energetic salts, 3, 4 and blue light-emitting devices. 5 Furthermore, they play important roles in bioisosterism 6 and inhibitor design. 7 As a result, in recent years the interest to form such heterocycles via efficient routes has raised remarkably (see Scheme 1) . 8 The most popular method to synthesize tetrazoles is currently the reaction of azides with nitrile moieties. 9−14 Though this strategy can be applied in several ways, two elegant routes are the use of 1) Lewis acids 15 and 2) in situ click chemistry.
The first one of these routes was reported by Sharpless and co-workers in 2001. 16 In this study, a variety of nitriles were transformed into their corresponding 1H-tetrazoles by using zinc salts as catalysts in water. Later, the reaction mechanism underlying the transformation of azides and nitriles via the addition of Lewis acids such as ZnBr 2 and AlCl 3 was investigated theoretically with density functional theory. 17 Three possible scenarios for the generation of 1H-tetrazoles were proposed in which the zinc ion is coordinated by either the nitrile moiety, the azide moiety, or both. It was hypothesized that coordination of Zn 2+ ion via the nitrile group increases the rate of reaction in contrast to coordination via the azide group.
On the other hand, in situ click chemistry appears as a viable environmentally friendly and potentially regio-and stereoselective alternative to produce tetrazole derivatives by exploiting the power of biocatalysis. In 2002, it was demonstrated for the first time that acetylcholinesterase can promote this type of cyclization reactions by producing a mixture of syn and anti triazoles. 21 In another study, the Sharpless group used cowpea mosaic virus (CPMV) as a biological scaffold to perform Cu(I) catalyzed alkyne−azide cycloaddition via ligation. 22 In addition, bovine carbonic anhydrase II (bHCA II) and engineered human carbonic anhydrase II (HCA II) were both reported as suitable reaction vessels for the 1,3-dipolar cycloaddition reaction 23 shown in Figure 1 , and very recently cyclooxygenase-2 isozyme was successfully used for kinetic target-guided synthesis 24 i.e. in situ click chemistry. However, in all cases, the formed cycloadducts act as selective inhibitors of the corresponding enzymes rendering these routes unattractive for the purpose of chemical synthesis. Besides, in some cases, the substrates need to be modified chemically. For example, in the case of carbonic anhydrase II, the azide component has to be attached covalently to the protein through a propylene disulfide linker. Moreover, the alkyne moiety should possess a sulfonamide group in order to coordinate the Zn 2+ ion. Besides that, the restriction to the conversion of activated alkyne and azide groups is another shortcoming.
Here, we perform a systematic computational study on a series of bioinspired zinc complexes as Lewis acid catalysts to (i) understand and analyze the factors that are responsible for the catalytic enhancement for cycloaddition reactions and (ii) identify new mild and general routes for the biomimetic production of tetrazoles especially for the case of inactivated nitriles and azides, 27 where the use of high pressure and temperatures, long reaction times, and low yields still constitute major bottlenecks. 15, 28 We started our investigation by examining the uncatalyzed reactions, followed by ZnBr 2 promoted route to unravel the detailed mechanism and the essential factors influencing catalysis. The gained knowledge was taken as a base for the subsequent investigation of a series of potential biomimetic zinc catalysts for tetrazole formation. As a result of these computational investigations, we propose a bioinspired complex with a mononuclear zinc binding site which contains an unnatural 4-(di)fluoro-DL-glutamic acid ligand as a promising catalyst for tetrazole formation via (3 + 2) cycloaddition.
COMPUTATIONAL DETAILS

Gaussian 09
29 was used to perform all DFT calculations. For the uncatalyzed reactions, the geometries of reactants, transition states, and products were optimized at the following levels: 1) B3LYP/6-311G**, 2) B3LYP/6-31+G*, 3) M06-2X/ 6-311G**, 4) CBS-QB3, 30 and 5) mPW1PW91/6-311G** in the gas phase as well as 6) SMD (H 2 O) /B3LYP/6-311G** and 7) SMD DMF) /B3LYP/6-311G** in implicit solvent with UFF radii. 31 For the Zn 2+ catalyzed reactions, geometry optimizations were conducted in the gas phase using different methods: 1) B3LYP/6-311G**, 2) the B3LYP functional with the "double-ξ" quality LANL2DZ basis set and LANL2DZ pseudopotential, and 3) the B3LYP functional with the SDD basis set and SDD pseudopotential for the metal atom and a 6-311G** basis set for all other atoms. The success of the B3LYP functional to accurately treat zinc complexes has been previously demonstrated. 32−35 It has also been extensively employed to investigate the catalytic mechanism of zinc containing enzymes. 36−39 Transition states were characterized by a single imaginary frequency. Intrinsic reaction coordinate (IRC) scans were performed when necessary to ensure that the TSs led to the correct minima. Thermodynamic corrections were computed at standard temperature and pressure. For zinc mediated reactions, the solvent effects were included by single point calculations (B3LYP/6-311+G**) on the gas-phase stationary points (B3LYP/LANL2DZ-6-311G**) with a SMD continuum solvation model. 40, 41 All zinc containing structures discussed in the text were optimized by B3LYP/ LANL2DZ-6-311G** level of theory. We calculated the overall activation energy barriers based on zinc bound azide complex and acetonitrile molecule, since they are the most stable species in solution. The same approach was followed for the Lewis acid promoted azide-nitrile cycloaddition reactions through DFT calculations before. 44 The energies of cycloadducts were also investigated and listed in the Supporting Information. The CYLVIEW software 42 was used to represent the optimized structures. X-ray structures were rendered by using VMD. 43 All calculated reaction barriers given in the figures and tables are in kcal/mol. All characteristic distances are given in Angstroms.
RESULTS AND DISCUSSION
3.1. Uncatalyzed Reactions. First, we performed calculations for the (uncatalyzed) reactions between an (in)organic azide and a nitrile group (Figure 2 ). Our results are in agreement with previous computational findings 9, 17, 44, 45 showing that addition of azide anion and organic azide to a nitrile moiety proceeds via a concerted mechanism. Synchronous transition states were located in the cycloaddition reaction between neutral azide and a nitrile group, whereas the transition states determined for the reaction involving the anionic azide were asynchronous.
Overall all tested methods are in fairly close agreement, predicting activation free energies of the order of 25−30 kcal/ mol for the uncatalyzed gas-phase reaction (results for all tested methods are given in the Supporting Information). In case of the reaction with inorganic azide anion, B3LYP with a diffuse basis set gives slightly larger activation barriers (see the Supporting Information). The CBS-QB3 approach predicts activation and reaction barriers similar to the DFT based methods, whereas the lowest activation energies were calculated at the mPW1PW91 level (see the SI). We also examined the effect of solvent, and as can be expected, it is pronounced for this anionic cycloaddition reaction. Typically, the activation free energy barriers are roughly 9−10 kcal/mol higher than the gasphase values.
For the reactions with neutral azide, formation of two isomers is possible yielding 1,5-(TS-2a) and 2,5-disubstituted (TS-2b) tetrazoles. TS-2a is more favorable, which is consistent with previous experimental and computational data. 9 The difference ranges from 4.3 to 7.4 kcal/mol in the activation energy barrier depending on the methodology used (Figure 2 ). In the gas phase, the tetrazole product resulting from TS-2b is more stable than the one formed via TS-2a. The stability difference is reduced when solvent effects are included and seems to be a delicate balance between entropic contributions and enthalpic effects, e.g. for the experimentally used solvent DMF (ε = 37.2), the product of transition state TS-2a is enthalpically slightly favored (by ΔΔH rxn = −0. The (3 + 2) cycloaddition transition state structures located with several DFT methods are similar to those reported by Himo et al. 17 However, we find two new intermediates which are pseudocyclic and comprise hydrogen bonding interactions. In 2012, Kappe et al. have discussed the reaction intermediates for ZnBr 2 and AlCl 3 promoted 1,3-dipolar cycloadditions of benzonitrile with azide. 44 Formation of intermediates and weak complexes for different cycloaddition reactions has been reported before. 70, 71 The optimized geometries are given in Figures 3 and 4 ; associated energies and dipole moments obtained with different methods in the gas phase are summarized in Tables 1 and 2 , respectively.
To have a common energy origin, we have defined the total (free) energy of the system x-A3 + 2 at the SMD(water)/ B3LYP/6-311+G**//B3LYP/LANL2DZ-6-311G** level as zero. With respect to this, the nitrile complex x-N3 plus a free azide A3 lies 11 kcal/mol higher in energy.
The formation of intermediate N3 from x-N3 is slightly exothermic with a ΔG of −1.7 kcal/mol, whereas it is slightly endothermic for azide coordination (3.3 kcal/mol) (from A3 to x-A3). All calculations predict similar structures for nitrile and azide binding geometries; in both cases a hydrogen bonding interaction with a water molecule is present for the energetically most stable conformers that is also maintained in the transition states. However, the N 1 -C 1 distance is shorter and the N 3 -N 4 bond distance (Figure 3 ) is longer in TS-N3 compared to TS-A3 indicating an early transition state and suggesting a lower energy barrier. We have also found that the dipole moments of the azide binding transition states are higher than in the case of nitrile coordination. This higher dipole moment of the azide coordination is likely another reason for its destabilization in the gas phase ( Table 2) .
Next we investigated the same reaction with a bromo-diaqua zinc complex as catalyst. In both cases, nitrile binding transition states (TS-N3 and TS-N4) are lower than the azide binding ones. Again, the complex and transition state structures are characterized by intramolecular hydrogen bonds between the aqua ligands and the azide, respectively, in the nitrile unit. In some cases, these hydrogen bonds are exceptionally strong leading to spontaneous proton transfer. Among those, complex N4a in which the azide group abstracts a proton was found be higher in energy with respect to A4a, thereby lowering the energy barrier (TS-N4a is 3 kcal/mol lower in energy than the transition state structure TS-A4a resulting from complex A4a). The same relation is observed between the relative energies of the adduct complexes N4a > N4b and the corresponding barriers TS-N4a < TS-N4b.
The higher stability of the adduct complex N4b can be attributed not only to additional hydrogen bonding interaction but also to the more ionic character of the Zn−N 4 bond. An NBO analysis at the (B3LYP/LANL2DZ-6-311G**) level indicates that natural atomic charges on the Zn and the N 4 atoms of N4a are 1.18e and −0.47e, respectively, whereas the charges on the corresponding atoms of N4b are 1.23e and −0.49e. The zinc−azide bond is also more ionic in intermediate structure A4b (charges of 1.20e and −0.72e) than in A4a (1.21e and −0.66e). H-bonding is shown to be especially significant in N3 and A4a with the H-bond length decreasing from 2.05 to 1.58 Å and 1.91 to 1.61 Å, respectively, when going from the transition states to the intermediate states.
Are Biomimetic Zinc Complexes Able To Catalyze Tetrazole Formation?
The zinc salt based Lewis acid catalysis introduced by Sharpless has found widespread use in organic chemistry for the formation of tetrazoles. Though encouraging results have been reported, most of the synthetic protocols need relatively long reaction times, elevated temperatures, and the use of toxic solvents and result in low yields and isomeric mixtures. 46 Biocatalysis which has gained importance in organic chemistry for green and selective synthesis 47 might constitute an interesting alternative to circumvent some of these problems. Intriguingly, there are several natural 48−54 and de novo designed enzymes 55−58 that perform cycloaddition reactions. It is worth underlining that carbonic anhydrase can serve as a multipurpose catalyst, and it has been modified to perform different reactions, Nitrile coordination is favored by 9.1 and 7.7 kcal/mol in ZnHis 2 Cys and Zn-His 2 Glu. Additionally, we examined the effect of unnatural glutamic acid derivatives. In view of the strong electronegativity of the fluorine atom, 4-fluoro-DL-glutamic acid was investigated. It turns out that the overall energy barriers (with respect to x-A3+nitrile reference) are not significantly affected by fluorine atom substitution; however, the barrier of the rate-determining step (from the adduct complex to the transition state) can vary substantially. The lowest activation energy with an overall barrier of 34.3 kcal/mol and a barrier for the rate-determining step of only 13.6 kcal/mol was achieved by including 4-(di)fluoro-DL-glutamic acid substitution to the zinc coordination sphere, TS-N12. The overall barriers are very similar to the ZnBr 2 catalyzed reaction, but the formation of the transition state from the adduct complex is substantially lower with respect to the ZnBr 2 case (21.7 kcal/mol). We analyzed the adduct complex and transition state structures in comparison to ZnBr 2 . The transition state (TS-N12?) and the one found for ZnBr 2 (TS-N3) are very similar in terms of synchronicity. The natural atomic charges of the N 1 and N 3 atoms of the azide group are also similar: −0.43 and −0.18 and −0.41 and −0.15, respectively. The C 1 -N 1 bond is more polar for the transition state with the lowest overall activation barrier, TS-N3. This shows the increased polar character of the reaction which can be associated with the rate acceleration of Lewis acid catalyzed cycloadditions. 72 Lastly, we have calculated the energetics of the cycloaddition reactions shown in Figure 7 , starting with an active site model of alpha class HCA II. Toward this end, we replaced the activated water molecule by the nitrile and azide moiety. The overall activation free energy barriers are very high, in fact in the order of the uncatalyzed reaction. We argue that the failure of HCA II to catalyze the (3 + 2) cycloaddition reaction is due to the following reason. In this case, it turns out that the nitrile is coordinated to the zinc ion, leading to a pentacoordinated complex in the transition state. In other words, coordination with three histidine residues leads to the case where both reactants are bound to zinc as in NA-14 or NA-15. Therefore, nitrile coordination is hindered which is key to the catalysis. Despite our efforts, it was not possible to locate a nitrile binding adduct complex. To examine the generality of this model, we also investigated the metal binding residue BPyala, which is structurally similar to a histidine residue. As expected, the cycloaddition reaction is computed not to be nitrile selective. Moreover, the Gibbs free energy of activation of the uncatalyzed reaction significantly increases. These results are also in line with the natural atomic charges at the corresponding atoms in the TSs. First versus second sphere coordination of nitrile appears to be key to catalysis, and the ligands coordinated to the zinc ion can have a significant effect on both coordination preference in the transition state and the corresponding activation barriers. Based on our results, one can speculate that active site of the wild-type HCA II is in fact not ideal to create a favorable nitrile binding concerted transition state. On the other hand, some of the biomimetic zinc complexes, including aspartate/glutamate ligands, have similar catalytic fingerprints as inorganic ZnBr 2 salt. Intriguingly, there is a crystal structure (PDB ID: 4YU6, 73 see Figure S1 in the SI) available in which a His 2 AspWat zinc site is coordinated by an acetonitrile molecule at a distance of 2.1 Å. Besides, a fairly mobile acetonitrile molecule was also located at the zinc active site (Zn-His 2 GluWat) of thermolysin (PDB ID: 1FJU 74 ). Creating an energetically favorable binding cavity also for the azide moiety still remains as an additional challenge. . Optimized intermediates and transition structure geometries of (in)organic azide and acetonitrile with Zn-His 2 Glu type zinc complex models. Free energies (in kcal/mol) are computed at the SMD(water)/B3LYP/6-311+G**//B3LYP/LANL2DZ-6-311G** with the corresponding x-A# + nitrile taken as energy origin. Numbers in round brackets are relative energies between corresponding nitrile vs azide complexes.
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CONCLUSIONS
The present study is a theoretical comparison of the cycloaddition reaction between azide and nitrile groups by employing ZnBr 2 and several biomimetic zinc complexes. Application of biocatalysis in 1,3-dipolar cycloaddition reactions is a relatively new route. The in-depth understanding of the reported reaction mechanisms is important for advancing catalyst engineering. In summary, this work has highlighted that unnatural glutamate derivatives incorporated into the zinc active site might be a good starting point to enable tetrazole formation. A widening of the catalytic repertoire through the introduction of synthetic amino acids appears as a promising route to tailor the properties of proteins. 75 The efficiency of the proposed systems can be further improved by optimizing the second shell residues in order to favor preferred regioselective intermediates and/or transition state structures and optimally positioned azide binding sites in the protein. This finding may prompt further theoretical and experimental explorations of cycloaddition between simple azides and alkynes that rely on green chemistry.
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